EMCORE 3.0-084 
LOW DOPED LAYER FOR NITRIDE-BASED SEMICONDUCTOR DEVICE 

BACKGROUND OF THE INVENTION 

[0001] The present invention is directed to semiconductor 
devices and, more particularly, to nitride-based semiconductor, 
devices, such as Schottky diodes, and to processes for making 
the same. 

[0002] Nitride-based semiconductors, such as gallium 
nitride and gallium nitride-based semiconductors, are widely 
regarded as desirable wide bandgap compound semiconductors. 
These materials have been adopted in optoelectronic devices, 
such as light-emitting diodes (LEDs), laser diodes and 
photodiodes, and have also been employed in non-optical 
electronic devices, such as field effect transistors (FETs) 
and field emitters. In optoelectronic devices, the wide 
bandgap of the material allows for emission or absorption of 
light in the visible-to-ultraviolet range. In electronic 
devices, gallium nitride and its related materials provide 
high electron mobility and allow for operation at very high 
signal frequencies . 

[0003] The properties of nitride-based semiconductors also 
make such materials desirable for use in Schottky diodes. 
Schottky diodes are desired for applications where energy 
losses while switching from forward bias to reverse bias and 
back can significantly impact the efficiency of a system and 
where high current conduction is desired under forward bias 
and little or no conduction is desired under reverse bias, 
such as when used as an output rectifier in a switching power 
supply. The Schottky diodes have lower turn-on voltages 
because of the lower barrier height of the rectifying 
metal-to-semiconductor junction and have faster switching 
speeds because they are primarily majority carrier devices. 
Nitride-based semiconductors are thus highly desirable as 
Schottky diodes because of their high electron mobility which 
reduces the device on-resistance when the Schottky diode is 



forward biased and because of their ability to withstand high 
breakdown fields when reverse biased. Additionally, gallium 
nitride and gallium nitride-based semiconductors have the 
further advantage that the barrier height at the 
metal-to-semiconductor junction, and thus the forward voltage 
drop, varies depending upon the type of metal used in the 
junction . 

[0004] The lowered metal-to-semiconductor barrier height, 
however, can increase the reverse leakage current when the 
metal-to-semiconductor junction is reverse biased- Therefore, 
a lower doped semiconductor layer is desired for the 
metal-to-semiconductor junction. The lower doped layer, 

however, results in a higher on-resistance when the device is 
forward biased. It is thus further desirable to incorporate a 
more highly doped layer that serves as the major part of the 
conduction path and to minimize the thickness of the lower 
doped layer, thereby reducing the resistance when the device 
is forward biased. A tradeoff therefore exists when 

attempting to reduce the forward resistance of a device as 
well as reduce the reverse breakdown voltage. When the 
Schottky diode is optimized for higher reverse-bias breakdown 
voltages, such as by increasing the resistivity and thickness 
of the lower doped layer, the on-resistance increases. By 
contrast, when the device is optimized for low on-resistance, 
such as by providing a more highly doped and thicker low 
resistance layer, the breakdown voltage decreases. 

[0005] To optimize the Schottky diode for both high 

reverse-bias breakdown voltage as well as for low forward bias 
on-resistance, a thin, very low doped layer is desired to 
serve as the metal-to-semiconductor contact. Such low doping 
levels, however, are very difficult to attain in a repeatable 
manner that is uniform across the layer. 

[0006] It is therefore desirable to provide a Schottky 

diode that has a very low doped layer that can be formed 
repeatably with uniform doping. 
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SUMMARY OF THE INVENTION 

[0007] . The present invention provides a Schottky diode with 
a lower doped top layer that is formed using modulation 
doping . 

[0008] According to an aspect of the invention, a 
semiconductor layer structure is formed. A modulation doped 
layer is formed atop at least a portion of another layer by 
forming at least one sub-layer of doped nitride semiconductor 
and at least one sub-layer of undoped nitride semiconductor 
atop the at least portion of the another layer whereby the 
modulation doped layer has a doping concentration of at most 
2E16 cm" 3 . 

[0009] According to another aspect of the invention, a 

semiconductor layer structure includes a modulation doped 
layer of nitride semiconductor disposed atop another layer. 
The modulation doped layer includes at least one sub-layer of 
doped nitride semiconductor and at least one sub-layer of 
undoped nitride semiconductor disposed atop the at least 
portion of the another layer whereby the modulation doped 
layer has a doping concentration of at most 2E16 cm" 3 . 

[0010] In accordance with these aspects of the invention, 

alternating sub-layers of doped nitride semiconductor and 
undoped nitride semiconductor may be formed atop the at least 
portion of the another layer. Dopants from the doped 

sub-layer may be diffused into the undoped sub-layer to form 
the modulation doped layer, which has a doping concentration 
that is substantially uniform. The doped sub-layer and the 
undoped sub-layer may be formed by reactive sputtering, metal 
organic chemical vapor deposition (MOCVD) , molecular beam 
epitaxy (MBE) or atomic layer epitaxy. 

[0011] The modulation doped layer may include a gallium 

nitride-based semiconductor, which may include GaN, and may be 
n-type. The modulation doped layer may have a doping 

concentration of at least 4E15 cm" 3 . The modulation doped 
layer may have a thickness of at least 0.2 pm and/or at most 
10 jam. The doped sub-layer of the modulation doped layer may 
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have a thickness of at least 0.0005 pm and/or at most 0.1 pm. 
The undoped sub-layer of the modulation doped layer may have a 
thickness of at least 0.005 pm and/or at most 0.1 jam. 
[0012] A Schottky junction may be formed having a layer 
structure according to these aspects of the invention and 
having a first metal contact layer formed atop the doped 
layer. The first metal contact layer may include platinum 
(Pt) , palladium (Pd), or nickel (Ni) . 

[0013] A Schottky diode may be formed having the above 

Schottky junction and having an ohmic contact formed on at 
least a part of the another layer. 

[0014] According to a further aspect of the invention, a 

Schottky diode is formed. A modulation doped layer is formed 
atop at least a portion of another layer by forming at least 
one sub-layer of doped nitride semiconductor and at least one 
sub-layer of undoped nitride semiconductor atop the at least 
portion of the another layer. A metallic contact layer is 
formed atop at least a part of the modulation doped layer such 
that a Schottky contact is formed therewith. At least one 
further metal contact layer is formed on at least a part of 
the another layer such that an ohmic contact is formed. A 
ratio of an on-resistance of the Schottky diode to a breakdown 
voltage of the Schottky diode is at most 2xl0" 5 Q*cm 2 /V. 
[0015] A Schottky diode is in accordance with a still 

further aspect of the invention. A modulation doped layer is 
disposed atop at least a portion of another layer and includes 
at least one sub-layer of doped nitride semiconductor and at 
least one sub-layer of undoped nitride semiconductor. A 
metallic contact layer is disposed atop at least a part of the 
modulation doped layer such that a Schottky contact is formed 
therewith. At least one further metal contact layer is 
disposed on at least a part of the another layer such that an 
ohmic contact is formed. A ratio of an on-resistance of the 
Schottky diode to a breakdown voltage of the Schottky diode is 
at most 2xl0" 5 Q»cm 2 /V. 
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[0016] In accordance with these aspects of the invention, 

alternating sub-layers of doped nitride semiconductor and 
undoped nitride semiconductor may be formed atop the at least 
portion of the another layer. The doped sub-layer and the 
undoped sub-layer may be formed by reactive sputtering, metal 
organic chemical vapor deposition (MOCVD) , molecular beam 
epitaxy (MBE) or atomic layer epitaxy. 

[0017] The modulation doped layer may include a gallium 
nitride-based semiconductor, which may include GaN, and may be 
n-type. The modulation doped layer may have a thickness of at 
least 0.2 pm and/or at most 10 pm. The doped sub-layer of 

the modulation doped layer may have a thickness of at least 
0.005 pm and/or at most 0.1 pm. The undoped sub-layer of 

the modulation doped layer may have a thickness of at least 
0.005 pm and/or at most 0.1 jam. 

[0018] The another layer may be another doped layer of 
nitride semiconductor that is formed atop a substrate before 
forming the doped layer, the doped layer and the another doped 
layer may be of the same conductivity type, and the another 
doped layer may be more highly doped than the doped layer. 
The another doped layer may be formed by either reactive 
sputtering, metal organic chemical vapor deposition (MOCVD) , 
molecular beam epitaxy (MBE) or atomic layer epitaxy. The 
another doped layer may include a gallium nitride-based 
semiconductor, which may include GaN, and may be n-type. The 
another doped layer may have a doping concentration of at 
least 4E18 cm" 3 . 

[0019] The substrate may be sapphire, silicon carbide, 

doped silicon or undoped silicon. 

[0020] The Schottky metal contact layer may include 

platinum (Pt) , palladium (Pd) , or nickel (Ni) . The ohmic 
metal contact layer may be aluminum/titanium/platinum/gold 

(Al/Ti/Pt/Au) or titanium/aluminum/platinum/gold 

(Ti/Al/Pt/Au) . 

[0021] According to an additional aspect of the invention, 
a Schottky diode is formed. A lower layer of n-type doped 
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nitride semiconductor is formed atop a substrate. An upper 
layer is formed of alternating sub-layers of n-type doped 
nitride semiconductor and undoped nitride semiconductor atop 
at least a portion of the lower layer of nitride 
semiconductor. The sub-layers may be formed by reactive 
sputtering, metal organic chemical vapor deposition (MOCVD) , 
molecular beam epitaxy (MBE) or atomic layer epitaxy to form 
an upper layer of nitride semiconductor. The lower layer of 
nitride semiconductor is more highly doped than the upper 
layer of nitride semiconductor. A first metal contact layer 
is formed atop the upper layer of nitride semiconductors such 
that a Schottky contact is formed. A second metal contact 
layer is formed atop the lower layer of nitride semiconductor 
such that an ohmic contact is formed. A ratio of an 
on-resistance of the Schottky diode to a breakdown voltage of 
the Schottky diode is at most 2xl(T 5 □•cm 2 /V. 

[0022] A Schottky diode is in accordance with yet an 
additional aspect of the invention. A lower layer of n-type 
doped nitride semiconductor is disposed atop a substrate. An 
upper layer of nitride semiconductor is disposed atop at least 
a portion of said the layer of nitride semiconductor upper 
layer and includes alternating sub-layers of n-type doped 
nitride semiconductor and undoped nitride semiconductor. The 
lower layer of nitride semiconductor is more highly doped than 
the upper layer of nitride semiconductor. A first metal 
contact layer is disposed atop the upper layer of nitride 
semiconductors such that a Schottky contact is formed. A 
second metal contact layer is disposed atop the lower layer of 
nitride semiconductor such that an ohmic contact is formed. A 
ratio of an on-resistance of the Schottky diode to a breakdown 
voltage of the Schottky diode is at most 2xl0~ 5 Q # cm 2 /V. 

[0023] In accordance with these aspects of the invention, 

one or both of the upper layer of nitride semiconductor and 
the lower layer of nitride semiconductor includes a gallium 
nitride-based semiconductor, which may include GaN. 
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[0024] The foregoing aspects, features and advantages of 
the present invention will be further appreciated when 
considered with reference to the following description of the 
preferred embodiments and accompanying drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] Fig. 1 is a fragmentary, cross-sectional view on an 

enlarged scale of a semiconductor structure according to an 
embodiment of the invention. 

[0026] Fig. 2 is a fragmentary, cross-sectional view on an 

enlarged scale of the semiconductor structure shown in Fig. 1 
showing the modulation doping of the top layer. 
DETAILED DESCRIPTION 

[0027] As used in the present disclosure, the term "III-V 
semiconductor" refers to a compound semiconductor material 
according to the stoichiometric formula AlaIn b Ga c N d As e Pf where 

(a + b + c) is about 1 and (d + e + f) is also about 1. The 
term "nitride semiconductor" or "nitride-based semiconductor" 
refers to a III-V semiconductor in which d is 0.5 or more, 
most typically about 0.8 or more. Preferably, the 

semiconductor materials are pure nitride semiconductors, i.e., 
nitride semiconductors in which d is about 1.0. The term 
"gallium nitride based semiconductor" as used herein refers to 
a nitride semiconductor including gallium, and most preferably 
including gallium as the principal metal present, i.e., having 
c ^ 0.5 and most preferably > 0.8. The semiconductors may 
have p-type or n-type conductivity, which may be imparted by 
conventional dopants and may also result from the inherent 
conductivity type of the particular semiconductor material. 
For example, gallium nitride-based semiconductors having 
defects typically are inherently, n-type even when undoped. 
Conventional electron donor dopants such as Si, Ge, S, and O, 
can be used to impart n-type conductivity to nitride 
semiconductors, whereas p-type nitride semiconductors may 
include conventional electron acceptor dopants such as Mg 
and Zn. 
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[0028] Fig. 1 illustrates a cross-sectional view of a 

nitride-based Schottky diode formed in accordance with the 
invention. The Schottky diode 100 includes a substrate 102 
upon which further layers are grown. Ideally, the substrate 
should have a lattice spacing, namely the spacing between 
adjacent atoms in its crystal lattice, that is equal to that 
of the gallium nitride or other nitride-based semiconductors 
that are to be grown atop the substrate to reduce the number 
of defects, such as dislocations in the crystal lattice, that 
are formed in the nitride-based semiconductor. Additionally, 
it is also highly desirable for the substrate to have a 
thermal expansion coefficient at least equal that of the 
nitride-based semiconductor so that when the substrate and 
nitride-based semiconductor are cooled after the growth of the 
nitride-based semiconductor layer, the substrate will contract 
more than the semiconductor layer, thereby compressing the 
semiconductor layer and avoiding the formation of cracks in 
the layer. 

[0029] The substrate 102 may be an insulating or 
non-conducting substrate, such as a crystalline sapphire 
wafer, a silicon carbide wafer or an undoped silicon wafer, 
that is used to form a laterally conducting device. 
Alternatively, the substrate 102 may be a doped silicon wafer 
that is used to form a vertically conducting device, such as 
is described in U.S. Provisional Application No. 60/430,837, 
filed December 4, 2002, and U.S. Patent Application No. 
10/721,488, filed November 25, 2003, the disclosures of which 
are incorporated herein by reference. 

[0030] To compensate for the lattice mismatch and the 

thermal expansion coefficient mismatch between the 
nitride-based semiconductor layer and the substrates, a buffer 
layer (not shown) may be provided atop the substrate 102. The 
buffer layer may be comprised of one or more layers of 
nitride-based materials to provide a transition between the 
lattice structure of the substrate and the lattice structure 
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of the gallium nitride or other nitride-based semiconductor 
layer. 

[0031] A highly doped nitride-based semiconductor layer 
106, such as gallium nitride or a gallium nitride-based 
semiconductor, is then formed atop the buffer layer or, when 
the buffer layer is not present, directly atop the 
substrate 102. The highly doped layer 106 is typically formed 
using an epitaxial growth process. A reactive sputtering 
process may be used where the metallic constituents of the 
semiconductor, such as gallium, aluminum and/or indium, are 
dislodged from a metallic target disposed in close proximity 
to the substrate while both the target and the substrate are 
in a gaseous atmosphere that includes nitrogen and one or more 
dopants. Alternatively, metal organic chemical vapor 

deposition (MOCVD) is employed wherein the substrate is 
exposed to an atmosphere containing organic compounds of the 
metals as well as to a reactive nitrogen-containing gas, such 
as ammonia, and dopant-containing gas while the substrate is 
maintained at an elevated temperature, typically around 
700-1100°C. The gaseous compounds decompose and form a doped 
metal nitride semiconductor in the form of a film of 
crystalline material on the surface of the substrate 102. The 
substrate and the grown film are then cooled. As a further 
alternative, other epitaxial growth methods, such as molecular 
beam epitaxy (MBE) or atomic layer epitaxy may be used. The 
resulting highly doped layer 106 is preferably n-type and has 
a doping concentration of at least 4E18 cm" 3 . 

[0032] A lower doped nitride-based semiconductor layer 108, 
such as gallium nitride or a gallium nitride-based 
semiconductor, is formed atop at least atop part of the highly 
doped layer 106 by modulation doping. Typically, the lower 
doped layer 108 is formed atop the entire surface of the 
higher doped layer 106, the lower doped layer is then 
patterned, and portions of the lower doped layer are etched 
away to expose regions of the higher doped layer 106. Such 
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patterning and etching steps may be carried out in a known 
manner . 

[0033] A Schottky metal layer 110 is formed atop the lower 
doped layer 108 in a known manner and forms the 
metal-to-semiconductor junction with the lower doped layer, 
known as a Schottky junction. The Schottky metal layer is 
typically comprised of a platinum (Pt) layer, a palladium (Pd) 
layer, or a nickel (Ni) layer, though other high work function 
materials may be used to obtain the desired barrier height. 

[0034] A further metal layer 116 is disposed atop the 
highly doped layer 106 and forms an ohmic contact with the 
highly doped layer. The ohmic metal layer is typically a 
stack of one or more metals, such as an 
aluminum/titanium/platinum/gold (Al/Ti/Pt/Au) stack or a 
titanium/aluminum/platinum/gold (Ti/Al/Pt /Au) stack, though 
other metals or combinations of metals may be used. Examples 
of an Al/Ti/Pt/Au ohmic contact stack and its formation are 
described in U.S. Patent No. 6,653,215, which is titled 
"Contact To n-GaN With Au Termination" and issued on November 
25, 2003, the disclosure of which is incorporated herein by 
reference . 

[0035] A thicker bond pad metal layer 112 is formed atop 
the Schottky metal layer 110 and the ohmic metal layer 116. 
The bond pad metal layer is typically a thick layer of 
aluminum (Al) or gold (Au) . A passivation layer (not shown) 
comprised of an insulator may be formed at least between the 
ohmic metal and Schottky metal layers. 

[0036] The Schottky metal layer 110, the ohmic metal 

layer 106 and the bond pad metal layers 112 may be formed 
using methods known in the art. 

[0037] The Schottky diode structure shown in Fig. 1 results 

in a device that uses lateral conduction in the gallium 
nitride-based layers to carry the forward current. The 
forward current travels vertically from the Schottky metal 
layer 110 across the Schottky barrier through the relatively 
thin lower doped layer 108 and then along the horizontal 
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dimension of the highly doped layer 106 to the ohmic metal 
layer 116. 

[0038] Fig. 2 illustrates, in greater detail, the 

nitride-based Schottky diode 100 shown in Fig. 1 to show the 
modulation doping used to form the lower doped layer. Like 
reference numerals shown in Fig. 2 represent structures 
corresponding to those shown in Fig. 1. 

[0039] The modulation doping is attained by alternatively 

depositing sub-layers of doped nitride-based materials 208 and 
sub-layers of undoped nitride-based materials 209, such as 
sub-layers of doped and undoped gallium nitride or gallium 
nitride-based materials. The alternating doped and undoped 
sub-layers are grown epitaxially atop the highly doped 
layer 106 preferably using such methods as reactive 
sputtering, MOCVD, MBE or atomic layer epitaxy. 

[0040] Optionally, the alternating doped and undoped 

sub-layers are sufficiently thin such that heating the 
substrate during epitaxial growth causes the dopants in the 
doped layers to diffuse into the undoped layers resulting in a 
substantially uniform doping concentration across the entire 
lower doped layer that is lower than the initial doping 
concentrations in the doped sub-layers 208. However, the 
invention is equally applicable in the absence of such 
diffusion . 

[0041] The resulting lower doped layer is preferably n-type 
and preferably has a doping concentration across the lower 
doped layer of between 7.5E18 to 1.4E16 cm" 3 when measured 
after formation of the lower doped layer and has a doping 
concentration of between 4E15 to 2E16 after completion of 
device processing. The lower doped layer preferably has a 
thickness of 0.2 p to 10 jam with the doped layers each having 
a preferred thickness of 0.005 \im to 0.1 jam and the undoped 
layers each having a preferred thickness of 0.005 ym to 0.1 
jam. The thickness and doping concentration of the lower doped 
layer are determined by the desired breakdown voltage of the 
device, with increased thicknesses and/or lower doping 
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concentrations providing higher breakdown voltages. As an 
example, for a desired breakdown voltage of 200V, the lower 
doped layer may have a thickness of between 1 to 4 ym with 
corresponding doping concentrations of between 1E15 to 5E16 
cm" 3 . 

[0042] Advantageously, the modulation doping process of the 
invention permits the use of a lower doped layer that is 
attainable in a repeatable and uniform manner. The 
alternating doped sub-layers each have a sufficiently high 
doping concentration to be formed in a repeatable manner. The 
resulting combination of doped sub-layers and undoped 
sub-layers therefore results in a repeatable and uniform 
dopant concentration across the entire low doped layer. 
[0043] The resulting structure has the further advantage 
that the on-resistance of the device when under forward bias 
is low while the breakdown voltage is high under reverse bias. 
Typically, the ratio of the on-resistance of the device to the 
reverse breakdown voltage of the device is at most 2xl0" 5 
Q*cm 2 /V. As an example, for a Schottky diode that has a 
breakdown voltage of 200 V, an on-resistance of 0.0035 □•cm 2 , 
results in a ratio of 1.75xl0~ 5 Q*cm 2 /V. As a further example, 
for a device having a breakdown voltage of 600 V, an on- 
resistance of 0.009 Ocm 2 results in a ratio of 1.5xl0" 2 
Q*cm 2 /V. 

[0044] Although the invention herein has been described 
with reference to particular embodiments, it is to be 
understood that these embodiments are merely illustrative of 
the principles and applications of the present invention. It 
is therefore to be understood that numerous modifications may 
be made to the illustrative embodiments and that other 
arrangements may be devised without departing from the spirit 
and scope of the present invention as defined by the appended 
claims . 
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